Objective-To assess the joint and independent relationships of gestational weight gain and prepregnancy body mass index (BMI) on risk of infant mortality.
Introduction
Infant mortality is one of the most important indicators of the health of a nation. Every year, approximately 24,000 infants die in the United States (1) . The poor survival of U.S. infants remains an unsolved health-related tragedy. The United States' infant mortality rate-6.1 deaths per 1,000 live births-currently ranks 26th in the world. While there has been a 20 percent decline in the United States' infant mortality rate from 1990 to 2010, much steeper declines have been observed in other high-income countries (2).
Extremes of maternal weight and weight gain may contribute to the high rate of infant mortality in the United States. Infants born to women who begin pregnancy obese (body mass index (BMI) ≥30 kg/m 2 ) are about 40% more likely to die than infants born to normalweight mothers (3) . However, preconception weight loss counseling may not be a practical prevention strategy because half of pregnancies are unplanned (4) and large reductions in prepregnancy body weight (20%-30%) may be required to meaningfully reduce infant mortality risk (5) .
Optimizing gestational weight gain may hold promise for reducing infant mortality. Pregnant women are often highly motivated to improve their health and the health of their infant, making pregnancy "an especially powerful 'teachable moment'" for weight control" (6) . Nevertheless, maternal weight gain is not often discussed during prenatal visits (7) , and less than half of women in the U.S. gain within the recommended ranges (8) . A large 1988 study found that low weight gain in all BMI groups and high gestational weight gain among women with obesity increased the risk of infant death (9) . Contemporary studies with adequate samples of women, including women with severe obesity, are needed to confirm and extend these findings. We therefore sought to assess the joint and independent relationships between gestational weight gain and maternal prepregnancy BMI on risk of infant mortality in a contemporary U.S. cohort. weight gain to these deaths is likely very small. A total of 1,232,346 births were in the analytic sample. The study was approved by the institutional review board at the University of Pittsburgh.
The Pennsylvania Bureau of Health Statistics and Research uses birth certificate record number, county of birth, date of birth, and mother and infant names to link infant death certificates to the birth certificates with a match rate of 98.5%. We defined infant mortality as the death of a non-anomalous live-born infant before 365 days old. Infant deaths before 28 days were classified as neonatal deaths, and were further divided into early (<7 days) and late (7 to <28 days) neonatal death. Postneonatal deaths were those occurring from 28 to <365 days. Small-and large-for-gestational age births were classified using ultrasoundbased intrauterine fetal weight standards at <10th percentile or >90th percentile, respectively (10).
The birth certificate ascertained self-reported prepregnancy weight and height via interview before the mother was discharged from the hospital (11) . We categorized prepregnancy BMI (weight (kg)/height (m) 2 ) as underweight (<18.5 kg/m 2 ), normal weight (18.5-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), grade 1 obesity (30.0-34.9 kg/m 2 ), grade 2 obesity (35.0-39.9 kg/m 2 ), and grade 3 obesity (≥40.0 kg/m 2 ) (12) .
Total gestational weight gain was defined as maternal weight at delivery minus prepregnancy weight. A hospital staff member documents maternal weight at delivery in the birth certificate using available prenatal records or the labor and delivery admission history and physical (11) . Hospitals do not uniformly weigh women before delivery. Therefore, maternal weight at delivery may be measured or self-reported. Weight gain was converted to z-scores using gestational age-and BMI-specific charts (13, 14) . Converting women's total weight gain to gestational age-standardized z-scores produces a measure that is uncorrelated with gestational age at delivery, which enables the relation between weight gain and infant death to be isolated from the association with preterm birth. For ease of interpretation, we present the total weight gain (kg) equivalent to each z-score, assuming a 40 week gestation.
Best obstetric estimate of gestational age at delivery is recorded on the birth certificate by the birth attendant (11) . In an internal validation study, we found high agreement between gestational age on the birth certificate as compared with ultrasound-confirmed gestational age on the medical record (Spearman's rank correlation: 0.95; preterm birth classification: 95% agreement, kappa = 0.90) (15) . Birth certificate information on maternal race/ethnicity, education, marital status, age, and smoking status was obtained through interviews with mothers before hospital discharge (11) . The neonatal care available at the birth facility was classified as level I, II, or III, (16) .
The birth certificate collects data on parity, payment method (private insurance, Medicaid, other), preexisting diabetes or hypertension, and address of primary residence at delivery from the medical record. The Pennsylvania Bureau of Health Statistics and Research geocodes maternal address and provides census tracts and block groups, which we merged with the U.S. Department of Agriculture Economic Research Service Urban-Rural Continuum Codes to define the urbanicity of the county of residence (17) . We used the 2000 Census to create a census-tract level measure of the percentage of Black residents (18) , which we divided into tertiles.
Statistical analysis
In our analytical sample of 1,232,346 births, 13.5% (n=166,818) unique records were missing data on prepregnancy weight, height, or weight at delivery. An additional 19.8% were missing data on geocoded address (n=179,548), insurance status (n=48,681), or another variable in the final model (n=26,870). We used multiple imputation to address the missing data. We created 10 imputed datasets that assumed a multivariable normal distribution with a Markov chain Monte Carlo approach (19, 20) . We jointly imputed prepregnancy weight, height, weight at delivery, insurance, race/ethnicity, age, parity, urban residence, smoking, education, marital status, percent Black residents in census tract, WIC use, and preexisting conditions by including infant death, gestational age, infant birth weight, infant sex, hospital neonatal level of care, year of birth, and neonatal intensive care unit admission in the imputation model. We also ran all analyses limited to births with complete data (n=822,058).
We used multivariable logistic regression models stratified by prepregnancy BMI to estimate the association between gestational weight gain and infant mortality. Similar models were built for neonatal mortality, early neonatal mortality, late neonatal mortality, and postneonatal mortality (among BMI groups for which at least 100 cases were available). Denominators were based on infants alive at the start of each period. Odds ratios were used to approximate risk ratios because the outcomes were rare. To accommodate flexible, nonlinear relations, we modeled weight gain z-scores as restricted cubic splines with 4 knots placed at the 5 th , 35 th , 65 th , and 95 th percentiles of the distribution (21) . The placement and number of knots were selected based on Akaike information criterion (21) . We calculated effect estimates for selected z-score values using non-linear combinations after model estimation where covariates were set to the population means. We also categorized z-scores as <−1 standard deviation (SD), −1 to +1 SD, or >+1 SD.
A priori, we elected to stratify models by prepregnancy BMI and include all potential confounders identified using theory-based causal graphs (22) : maternal race/ethnicity, age, education, marital status, insurance, parity, smoking during pregnancy, height, preexisting diabetes or hypertension, urban residence, the hospital's newborn level of care, percent Black residents, and year of birth. Confounder-adjusted predicted risks and 95% confidence intervals were generated with all covariates set to the population mean. Models were rerun to determine the sensitivity of removing births at ≤24 weeks gestation and <37 weeks gestation as well as removing gestational weight gain z-scores <0.5 percentile and >99.5 percentile of BMI-specific distributions. To put our weight gain findings into context with an established modifiable risk factor for infant death, we also calculated the number of excess deaths among women who smoked during pregnancy compared with those who did not smoke.
We previously conducted a validation study of prepregnancy BMI and gestational weight gain categories derived from the birth certificate compared with medical records in 705 term and 499 preterm Pennsylvania births (15) . We used the predictive values from the validation study to adjust our results for measurement errors in BMI and gestational weight gain using probabilistic bias analysis methods as a supplemental analysis (23, 24) . Our approach has been described in detail previously (23) . Most infants who died were born preterm, so we assumed the same measurement error in BMI and gestational weight gain by infant death as we observed by preterm birth. We randomly selected one multiply imputed dataset for the probabilistic bias analysis due to its computational intensity (23) .
Results
A majority of women in the cohort were non-Hispanic White, married, multiparous, collegeeducated, or non-smokers. Most women had private insurance, and delivered at a facility with level III neonatal care (Table 1) .. Approximately half of the women were 20-29 years old and lived in large, metropolitan areas. Most non-Black women lived in neighborhoods with <1% Black residents. Delivery at <37 weeks' gestation occurred in 8.2% of births. The prevalence of underweight, normal weight, overweight, grade 1 obesity, grade 2 obesity, and grade 3 obesity were 4.8%, 49.5%, 24.1%, 12.0%, 5.8%, and 3.8%, respectively, and their respective mean (standard deviation) weight gains were 15.6 (5.7) kg, 15.7 (6.2) kg, 14.6 (7.8) kg, 12.4 (8.5) kg, 10.1 (8.9) kg, and 7.5 (9.7) kg.
From 2003 to 2011, there were 5530 infant deaths not due to congenital anomalies (4.5 deaths per 1,000 liveborn infants), and of these, 3701 died in the neonatal period (3.0 per 1,000 births). Most of the neonatal deaths occurred at <7 days (n=3058). Infant deaths not due to congenital anomalies occurred more often among Black women than the other racial/ ethnic groups (Table 1 ). Women who delivered in a facility with level III neonatal care and those who were <20 years old, less educated, smokers, unmarried, or lacking private health insurance had a higher risk of infant death compared with their counterparts. Living in a neighborhood with <1% Black residents was associated with the lowest risk of infant death among non-Black mothers and the highest risk of infant death among Black mothers. There were no important differences in risk of infant mortality by parity or urban residence.
The unadjusted risk of non-anomalous infant death per 1000 liveborn infants was 5.1 for underweight, 3.7 for normal weight, 4.6 for overweight, 5.3 for grade 1 obese, 6.5 for grade 2 obese, and 7.0 for grade 3 obese women. Table 2 shows the unadjusted risks according to gestational weight gain z-score category, along with the conversion of z-scores to total weight gain (kg) at 40 weeks' gestation. Within each BMI group, the unadjusted risk was lowest among women whose gestational weight gain z-scores were −1 to +1 SD, and was elevated among women with z-scores <−1 SD or >+1 SD (Table 2) . However, even the lowest risks among women with grade 1, 2 and 3 obesity (4.8, 5.7 and 6.2 per 1000 livebirths, respectively) were 1.7 to 2.1 times that of normal weight women (2.9 per 1000). Results were similar for neonatal and postneonatal death.
After controlling for confounders, associations between weight gain z-score and risk of infant death were approximately U-shaped for all BMI groups except for women with grade 3 obesity ( Figure 1 ). The nadir in risk was observed at a z-score of approximately 0.5 SD for all groups (16-20 kg at 40 weeks' gestation among underweight, normal weight or overweight women; 13-17 kg for women with grade 1 obesity; 10-15 kg for women with Bodnar et al.
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Author Manuscript grade 2 obesity), which is higher than the Institute of Medicine (IOM) recommended ranges (shown with vertical lines). The lowest predicted risk for all women with obesity exceeded risks for all normal-weight women, except for normal weight women who had extremely low (<−3 SD) or high (>+2 SD) weight gain. Conclusions were similar when we excluded births ≤24 weeks ( Figure S1 ) or <37 weeks ( Figure S2 ).
Notably, low weight gain and weight loss among women with grade 1 and 2 obesity were associated with meaningful increases in the risk of infant death (Table 3 ). For instance, among women with grade 1 obesity, gaining no weight (z-score = −2 SD) or losing 4.3 kg (z-score = −3 SD) at 40 weeks' gestation was associated with 1.5 (95% CI: 0.68, 2.3) and 1.9 (95% CI: 0.71, 3.1) excess infant deaths per 1000 livebirths, respectively, compared with gaining 12.9 kg at 40 weeks (0 SD). Estimates of association were the same for women with grade 2 obesity, but for women with grade 3 obesity differences by weight gain were near null. The magnitude of the excess deaths associated with low and high weight gain was similar to the effect of smoking on infant death in our cohort (1.4 (95% CI: 1.0, 1.8) deaths per 1000 livebirths).
When deaths were subset based on timing, larger differences in risk according to weight gain z-score categories were observed for neonatal death than postneonatal death ( Figure 2 ). Early neonatal deaths appeared to drive this association. Compared with infants who survived the neonatal period, neonates who died were more likely to be born preterm (90% vs. 7.9%), small-for-gestational age (23% vs. 9.8%), or large-for-gestational age (13.7% vs 9.1%).
Our probabilistic bias analysis showed that measurement error in BMI and gestational weight gain on the birth certificate was unlikely to explain the aforementioned U-shaped associations (Table S1 ). Results were not meaningfully different when we retained observations with missing gestational age or birth weight, excluded observations with outlying weight gain z-scores or limited to those with complete data (data not shown).
Discussion
We observed a U-shaped association between gestational weight gain and risk of nonanomalous infant death among underweight, normal weight, overweight, and grade 1 and 2 obese women. The difference in risk from the nadir to the predicted risk at low or high weight gain was similar in magnitude to the effect of smoking. Even when gestational weight gain in women with obesity was optimized, the predicted risk of infant death remained higher than that of most normal weight women.
Few studies have jointly assessed prepregnancy BMI and gestational weight gain as risk factors for infant mortality, and none evaluated obesity separately by severity. Our results are generally consistent with those of a study of 4265 infant deaths and 7293 live-births in the 1988 U.S. Maternal Infant Health Survey data (9). Chen et al. reported that relative to women who gained 0.33 to 0.44 kg/week (12 to 17 kg at 40 weeks), there was an increased risk of infant death for women in any BMI group who gained gain <0.15 kg/week (<12 kg at 40 weeks) and overweight and obese women who gained ≥0.45 kg/week (≥18 kg at 40 weeks). The strongest effects were observed for neonatal rather than postneonatal death. Further analysis in women with obesity showed that high and low weight gain was related to infant deaths due to respiratory distress syndrome and pregnancy complications, preterm birth and low birth weight.
Two other studies used samples of term births to study weight gain and infant death. Our results do not agree with findings from a cohort of nulliparous, overweight women in Missouri who delivered term births, which found no association between weight gain and neonatal death (25) . However, the small number of cases (n=100) likely limited statistical power. A second study evaluated 2672 deaths at 60 to 450 days after delivery among term infants in the U.S. Pregnancy Risk Assessment and Monitoring System (2004-2008) and found that the direction and magnitude of associations with weight gain were highly variable across BMI groups (26) .
We observed the largest differences in risk by gestational weight gain for early neonatal deaths. We could not classify causes of death because these data are of uncertain validity in the birth certificate (27) . We found that neonatal death was associated with preterm birth, small-and large-for-gestational-age birth, and we have previously documented links between gestational weight gain and these adverse pregnancy outcomes in this cohort (28) . Determination of whether preterm birth, birth size, or other factors mediate a portion of the weight gain-infant mortality association among women of different BMI groups appears warranted, but was beyond the scope of this paper.
Our observation that weight loss and low gain were associated with infant death in grade 1 and 2 obese women is important because some have encouraged weight restriction in these high-risk pregnancies (29) . The evidence base on the safety of weight loss has focused on birth size, preterm birth, and route of delivery, while perinatal death and other severe outcomes have not been investigated (30) . The American College of Obstetricians and Gynecologists recognized the limitations of existing data and encouraged individualized care and clinical judgment when managing a woman with obesity with a normally growing fetus who is gaining less weight than is recommended (31) . Studies that investigate how weight loss intentions, food security, diet, physical activity, substance use, and clinical care modify associations between low weight gain and infant death are needed, but these data were not available. Until the pathways between low gestational weight gain loss and infant death are better understood, caution should be exercised in recommending pregnancy weight loss.
Although the risk of infant mortality among women with grade 1 and 2 obesity varied with their gestational weight gain, it still remained well above the risks in most normal weight women with average weight gain. Therefore, efforts to reduce deaths among infants of these women must not only consider optimizing weight gain, but also reducing preconception weight. This may be especially true among women with grade 3 obesity, whose weight gain was unrelated to infant death. A comprehensive approach to obesity reduction in childbearing-aged women is needed, with emphasis on changing systems-level factors (32) . Health care providers who counsel obese childbearing-aged women on benefits of weight loss should discuss reproductive consequences of obesity (including infant death) in addition to routine counseling on cardiac and metabolic consequences.
The lowest risks of infant mortality for each BMI group were observed at weight gains greater than the current IOM recommended ranges. However, the IOM recommendations were created to balance outcomes associated with low weight gain (preterm birth, fetal growth restriction) and high weight gain (maternal postpartum weight retention, childhood obesity). Future work is needed to rigorously explore whether the relations between weight gain and infant death meaningfully alter national guidelines.
Our use of vital records provided us with a contemporary, population-based cohort large enough to study infant death separately by timing of death and by grade of obesity. Yet, our results may not generalizable to all U.S. pregnant women, and sparse data at the tails of the weight gain distribution led to imprecision of some estimates. We relied on self-reported maternal weight and height to define BMI and weight gain, which are known to be measured with error (15) . However, our empirical bias analysis showed that this misreporting did not explain associations observed in most BMI groups. We controlled for numerous covariates that may confound associations, but cannot rule out the possibility that obesity and weight gain are not causal exposures; they may be markers of other unhealthy conditions that cause infant mortality.
Conclusion
Obesity and infant mortality are among the most critical public health issues today. Understanding the effect of obesity and maternal weight gain on infant mortality will broaden the clinical conversation about the benefits of preconception weight loss, inform recommendations for gestation weight gain for important rare outcomes, and aid in the development of structural changes and testable interventions that may improve the survival of U.S. infants.
What's Known on This Subject
• Older studies suggest that low and high gestational weight gains are associated with infant death.
• Data are unavailable from contemporary cohorts that include women with severe obesity and women who lost weight.
What This Study Adds
• The association between gestational weight gain and risk of neonatal death was U-shaped except for women with grade 3 obesity, among whom there was no relation.
• At all weight gains, women with obesity had higher risks of infant death than normal weight women. Table 3 Adjusted risks and adjusted numbers of excess infant deaths not due to congenital anomalies according to gestational weight gain z-score and prepregnancy body mass index category. Obesity (Silver Spring). Author manuscript; available in PMC 2017 February 01.
